In the present tsunami warning system, the predominance of the approaching tsunami is estimated, taking account of the earthquake magnitude and focal depth. However the predominance of tsunami also depends on other focal parameters, e.g. the rise time of the source time function, fault length etc. Accordingly it is quite natural that great tsunamis due to earthquakes with relatively small magnitudes have been sometimes observed. For the improvement of the tsunami warning system, it is necessary to develop the method to find the focal parameters before the tsunami wave arrivals and to make clear the dependence of the generation of tsunami on the above parameters.
Introduction
There are some cases when an earthquake with a relatively small magnitude generates a great tsunami. The 1946 Aleutian earthquake generated an exceedingly large tsunami despite the moderate magnitude of 7.4. At Scotch Cap, the west point of Unimak Island (Aleutians), the waves demolished a large well-built lighthouse 45 feet above the sea level and surged to a height of over 100 feet. The highest wave levels on the Hawaiian islands were 30 to 60 feet (RICHTER, 1958) . The 1896 Sanriku earthquake with a magnitude of 7.6 also generated a noteworthy tsunami in the history of tsunami disasters in Japan. Along the Sanriku coast of north eastern Japan, it was reported by IMAMURA (1937) that 10,617 houses were swept away, 2,456 houses partially demolished, 27,122 persons killed, 9,247 persons injured and waves as high as 30m were observed. A large earthquake again occurred off the Sanriku coast in 1933. The 1933 earthquake has a larger magnitude, 8.4, than that of the 1896 earthquake (M=7.6) and the epicenter of the former was located close to that of the latter. But the intensity of the latter tsunami was much larger than that of the former and so the cause of an abnormally great tsunami with a relatively small magnitude cannot be attributed to only the bottom topography near the coast. KANAMORI (1972a) attributed these abnormal earthquakes to the abnormally large rise time of nearly 100 sec.
In the present system, a tsunami warning is issued when an shallow suboceanic earthquke occurs and the earthquake magnitude is larger than a certain threshold value. But as mentioned above, there are some cases when an earthquake with a relatively small magnitude generates a great tsunami and therefore a more improved warning system is now required. EWING et al. (1950) has found a remarkable correlation between the generation of tsunami and the T-phase and pointed out the possibility of applying the T-phase observation to a tsunami warning system. In that paper, however, the argument is somewhat qualitative and the physical mechanism is obscured. YAMASHITA and SATO in their paper (1974) , which is hereafter referred to as Paper I, have pointed out that the generation of tsunami strongly depends on some focal parameters (fault length, dip-angle and focal depth). Hence, if we can successfully estimate these parameters before tsunami arrivals, we provide a tsunami warning system which is far more accurate than that based on the earthquake magnitude and the focal depth. In this paper the possibility of the application of Rayleigh wave to pre-estimate focal parameters will be discussed.
The numerical computation based on the same model as in Paper I is carried out and the solution is obtained by the far field approximation.
2.
Sea Bottom Displacements Due to a Dislocation Model 2.1 Solution for a point source At first a point fault which is the same as that in Fig. 2 in Paper I is considered and the sea bottom displacements are derived. The method of the derivation of a solution is almost the same as in Paper I. The r-and z-component of the sea bottom displacements, u and w, are obtained as 
As we are interested only in Rayleigh wave at present, the contribution from the residue is calculated. 
The source time function with rise time t0 and final dislocation amplitude D0
is taken, then
2.2 Solution for a moving source with dimensions We take the fault model as is seen in Fig. 2 and obtain the solution in this case by making the same operation to Eq. (5) as 2.5 in Paper I as follows: (7) where (8) L, fault length; W, fault width; C1, rupture velocity in the direction of fault length; c2, rupture velocity in the direction of fault width.
Paper I and the correlation of the vertical component of the displacement of Rayleigh wave and tsunami is investigated.
Epicentral distance, r, is fixed at 250km.
Azimuthal Distribution of Spectral Amplitudes

Dependence of Rayleigh Wave on Focal Parameters
In this section, the effects of various focal parameters on sub-oceanic Rayleigh wave is examined.
Rise time
A factor associated with the rise time in the expression of the Rayleigh wave spectral amplitude, (5) or (7), is (9) with a period was shown in Fig. 9 in that paper. It is found from that figure that the contribution to the spectral amplitude decreases with the increase of the rise time. In the case of Rayleigh wave, the predominant period is ten to several tens of seconds in our model, and so the effect of the rise time variation is more sensitive for Rayleigh wave than for tsunami.
Focal depth
The variation of the spectral amplitudes and wave forms for vertical components with focal depth are shown in Figs. 4 and 5, respectively. We can notice from these figures that the spectral amplitude and the wave ampli- tude of Rayleigh waves decrease severely, especially in the short period range, as the focal depth increases.
Rupture velocity
Since only the unilateral pure dip-slip fault model as in Paper I is considered as mentioned above, only the effect of c1 is discussed.
The factor which is related to the rupture velocity, c1, is becomes deep for large dip-angles. Accordingly in the numerical computation of Figs. 8 and 9 the effect of the focal depth is also contained. The fault plane of the earthquake which generates a considerable tsunami will reach the sea bottom and it is quite natural to fix the top of the fault plane close to the bottom surface, which is the same model as in the discussion of the effect of the dip-angle on the generation of tsunami in Paper I.
Correlation of Tsunami and Rayleigh Wave
When we assume that we can pre-estimate the generation of tsunami by the use of Rayleigh wave, the problem becomes simpler, if every focal parameter has the same effect on both waves. But some focal parameters have the same effect and others have opposite effects on both waves. Hence it can be supposed that some earthquake causes a large tsunami in spite of the slight Rayleigh wave or a slight tsunami in spite of the large Rayleigh wave. The focal parameters which play important parts in this problem are the rise time, fault length, focal depth and dip-angle as discussed in the preceding section. The effect of the focal parameters on tsunami was discussed in Paper I. First of all, the difference in the effect of each focal parameter on both waves is summarized as follows:
Rise time
The contribution of this factor to the spectral amplitude of tsunami is largest when the rise time is 0 (step time function). As the rise time increases, the contribution to the short period range decreases, but that to the long period range is not changed too much (see Fig. 9 in Paper I). We can take the rise time as 10 to 20 sec at the utmost (this will be accepted from studies on the rise times of various great earthquakes beneath the sea bottom, as was discussed in Paper I). Since the predominant period of tsunami is above several hundreds of seconds, this factor does not make an important contribution to tsunami. On the contrary, since the predominant period of Rayleigh wave is several tens of seconds, the spectral amplitude of Rayleigh wave becomes small, especially in the short period range, as the rise time increases. This factor has the entirely opposite effect on both waves. As is illustrated in Fig. 9 , the spectral amplitude of Rayleigh wave predominates for small dip-angles but that of tsunami does for large dip-angles (see Fig. 16 in Paper I).
Focal depth
The dependence of tsunami waveform on the focal depth is illustrated in Fig. 10 . As tsunami is a wave phenomenon with an extremely long period, it should be closely related to the static deformation of the sea bottom. Static deformation due to the faults with focal depths corresponding to the examples in Fig. 10 are shown in Fig. 11 . These computations are carried ont by using a program by SATO and MATSU'URA (1974) . The case in Fig. 11 (a) yields the largest displacement among the examples in Fig. 11 . However, in the case of (a), large displacement is restricted only to the region where the fault plane reaches the surface. Tsunami is efficiently excited by a wide range deformation rather than a local deformation. For the example of Fig. 10 which corresponds to Fig. 11(a) , the short period component is predominant, comparing with the other examples, because in this case tsunami is excited by the local deformation. In cases of Fig. 11(b) and (c), the volume and the extent of the deformation is larger than the case of (a). Then the fault with a focal depth somewhat deeper than the sea bottom excites tsunami most efficiently; in other words, there is an optimal depth for tsunami generation. On the contrary, the spectral amplitude of sub-oceanic Rayleigh wave decreases monotonously, especially in the short period range, as the focal depth increases.
As is understood from Fig. 4 , the peak of the Rayleigh wave spectral amplitude around 10 sec decreases rapidly as the focal depth increases.
Tsunami Warning System by the Use of Rayleigh Wave
The conditions of a visitation of a large tsunami are (1) a large dip-angle, (2) the focal depth around the optimal depth, (3) a large fault length and (4) a short rise time. Some of them have sensitive effects and others do not, as was discussed in Paper I. For example, when the rise time increases to 20 or 30 sec, the decrease in the spectral amplitude of a tsunami is slight in the entire period range.
The spectral amplitude of Rayleigh wave due to a longer fault is characterized by larger values in all the period range and by a relatively deeper trough around 20 sec, in comparison with the shorter fault case.
The effect of the dip-angle is complicated because the dip-angle has opposite effects on both waves. If a shallow large earthquake beneath the sea bottom is caused by a subduction of the lithosphere, the dip-angle may be regarded as almost constant in each seismic zone. For example, both the dipangle of the fault may be reasonably taken as constant, when discussing the spectral amplitude of Rayleigh wave to pre-estimate the generation of tsunami. For the focal depth shallower than the optimal depth for the tsunami generation, the factor of the focal depth has reverse effects on both waves, but for a deeper focal depth it has the same effect. Because of the above complex circumstances, it is necessary to estimate the focal depth in a usual way, for example, by using body wave arrival times. The rest is the problem of the rise time. With increasing rise time, the decrease of tsunamigenic energy is quite slight, but that of Rayleigh wave, especially in the short period range, is considerable. For the above reasons, mainly the long period range of Rayleigh wave should be investigated in the following.
From the above discussion, the predominance of tsunami can be pre-estimated by the use of Rayleigh wave observations, tectonic features and body wave travel times. As a consequence, the following warning system is proposed.
1) First of all it is necessary to find the predominant dip-angle in each seismic zone, where a great tsunamigenic earthquake occurred in the past and also is likely to occur in the future, by the study of the past earthquakes. According to the information up to now, it has been found that the dip-angle for earthquake with the combination of fault length L and focal depth d shown in this figure causes a tsunami with a wave height of 0.8 D0 to 0.9 D0, D0 being the final dislocaton, at a distance of 250km.
The spectrum of Rayleigh waves for each combination above around 20 sec is then computed and tabulated, which can be used as the threshold value. Figure 13 represents the spectral amplitude of Rayleigh waves corresponding to each case in Fig. 12 . At a distance of r km, the amplitude is simply obtained by multiplying by a factor •ã250/r.
The following procedure is carried out at the moment of the ocurrence of a sub-oceanic earthquake.
3) At the moment of the occurrence of the large sub-oceanic earthquake, the focal depth is determined by the body wave observation. Then the thresh-old spectral amplitude of Rayleigh wave with the corresponding focal depth and dip-angle is picked out from the table prepared. Secondly the comparison of the threshold spectral amplitude with the observed one is made. If the size of the latter is larger than the former, especially in the long period component, a tsunami warning should be issued.
Discussion
In this paper the dependence of sub-oceanic Rayleigh wave on focal parameters and the possibility of the use of this wave as a tsunami warning are discussed.
Besides, it is elucidated that the use of this wave can improve the reliability of a tsunami warning system, which is mainly based on the earthquake magnitude at present. The model which consists of a liquid and elastic half space is assumed in this paper. But this is a fairly simplified model. As a more realistic model, a layered structure which contains a soft sedimentary layer should be taken account of because Rayleigh wave depends on the layered structure consider- ably. Figure 15 is a model of the oceanic crust which has a layered structure and Fig. 14 is the dispersion curve of sub-oceanic Rayleigh wave corresponding to the model of Fig. 15 . The dispersion curve in Fig. 14 is nearly the same as that in Fig. 1 above the period of about 10 sec. Then the rough character of the Rayleigh wave amplitude is not likely to be much changed, even if the layered structure is taken into consideration, since the discussion is restricted in the long period range. For example, it may be impossible that the Rayleigh wave amplitude predominates for larger dip-angles, when layered structure is taken into consideration (Rayleigh wave amplitude predominates for smaller dip-angles in case of the elastic half space model).
